Introduction
The GTP-binding protein family is composed of several subfamilies. The subfamilies of the small G protein or trimeric G protein, which are specific for eukaryotes, have been shown to be involved in various cellular functions including signal transduction, cellular proliferation, or vesicle transport (Bourne et al., 1990 (Bourne et al., , 1991 Hall, 1990; Simon et al., 1991) . Members of another well-characterized subfamily involved in ribosomal protein synthesis are conserved in prokaryotes and eukaryotes. In addition, recent genome sequencing studies have revealed that there may be a distinct subfamily of prokaryotic GTP-binding proteins that are conserved in high eukaryotes. Although these conserved GTP-binding proteins possibly perform essential roles in fundamental cellular process in eukaryotes, their physiological function, especially in high eukaryotes, remains to be determined.
The Escherichia coli (E. coli) Ras-like protein (ERA) is a member of these conserved GTP-binding proteins. ERA was originally reported as a bacterial homologue of RAS (Ahnn et al., 1986) . However, DNA database searches and cDNA cloning studies have shown the existence of an ERA homologue in other species such as human, mouse, Drosophila, Caenorhabditis elegans, and Antirrhinum majus (Britton et al., 2000; Akiyama et al., 2001) . A deficiency of ERA in bacteria is lethal, and analysis of temperature-sensitive mutants indicates that elimination of ERA blocks cell division with elongated morphology because of the failure of septation (Inada et al., 1989; Gollop and March, 1991; Lerner and Inouye, 1991) . However, ERA-deficiency does not affect DNA replication and chromosome segregation. On the other hand, the biological function of the eukaryotic homologues of ERA remains unknown. Since the mechanism for controlling the cell cycle of eukaryotes is considerably different from that of prokaryotes, experimental verification is necessary to determine the physiological function of eukaryotic ERA.
We have recently demonstrated that a transient expression of a human ERA (HsERA) mutant containing amino-acid substitutions within the GTPase region induces apoptosis of HeLa cells. In addition, ectopic expression of Bcl-xL or Bcl-2 (Adams and Cory, 1998; Tsujimoto and Shimizu, 2000) suppressed the apoptosis of HeLa cells induced by the expression of the HsERA mutants. Our data indicated that HsERA possibly regulates cell viability or apoptosis by the GTPbinding/GTPase activity (Akiyama et al., 2001) .
The C-terminus of human, mouse, and bacterial ERA shows significant homology with the hn RNP K homology (KH) domain, which binds directly to single-strand RNA (Siomi et al., 1994; Musco et al., 1996) . Indeed, RNA-binding activity of bacterial ERA has previously been reported (Meier et al., 1999 (Meier et al., , 2000 Sayed et al., 1999; Hang et al., 2001) . We have also demonstrated that mammalian ERA has RNA-binding activity, which is contributed by the KH-like domain (Akiyama et al., 2001) . In addition, the significance of the KH-like domain in the function of HsERA was suggested by the observation that the apoptosis induced by the HsERA mutant was significantly mitigated by the elimination of the C-terminal domain, which includes the consensus sequence of the KH domain (Akiyama et al., 2001) . However, these studies were performed by overexpression experiments, which may not reflect the physiological condition. In order to understand the physiological function of vertebrate ERA, it is necessary to carry out a genetic analysis of the vertebrate ERA. In this study, we utilized the chicken lymphoma B-cell line DT40 to investigate the vertebrate ERA function (Buerstedde and Takeda, 1991; Lahti, 1999; Winding and Berchtold, 2001) .
Results

Disruption of gd-era gene
The genomic structure of chicken era (gd-era) and the vector constructs for gene disruption are shown in Figure 1a . We first attempted to disrupt the two gd-era alleles simply by two-step transfections of wild-type DT40 with two disruption constructs. The heterozygote clone was obtained successfully at high frequency. However, the second disruption of the other allele was unsuccessful (data not shown). We speculate that the failure to isolate gd-era-null cell lines is because of the fact that vertebrate ERA is essential for the viability of DT40 cells. To overcome this problem, we employed a strategy using a tetracycline (tet)-repressible promoter (Gossen and Bujard, 1992; Wang et al., 1996) . We first After the isolation of a clone, Flag-tagged GdERA cDNA under the control of the tet-repressible promoter was introduced into the clone to generate the GdERA(+/À) cell line. Here, the cDNA of GdERA was linked to a luciferase gene regulated by an internal ribosome entry site (IRES) in order to monitor the efficiency of the suppression of the mRNA expression with high sensitivity. Finally, by transfection of GdERA(+/À) with the HisD construct, two homozygote clones (GdERA (À/À)#1 and #2) were successfully established (Figure 1b) . Since the anti-HsERA antibody does not crossreact with the GdERA protein (Akiyama et al., 2001 ), we could not confirm the elimination of the endogenous GdERA protein. Instead, Northern hybridization analysis was performed to confirm the disappearance of endogenous GdERA mRNA in GdERA(À/À) ( Figure 1c ). Two bands ascribed to endogenous GdERA mRNA (indicated by arrows) completely disappeared in GdERA(À/À). The addition of a tetracycline derivative, doxycycline (Dox), to the culture medium reduced the exogenous GdERA mRNA by an undetected level by 3 days (Figure 1c ). The time-dependent suppression of the Flag-tagged exogenous GdERA protein after the addition of Dox was examined by Western blotting analysis. As shown in Figure 1d , the exogenous GdERA protein had almost completely disappeared at 24 h after the addition of Dox. The luciferase activity regulated by IRES linked to the 3 0 -end of the GdERA mRNA was reduced by approximately 5% at day 3 in the presence of Dox (data not shown).
Depletion of GdERA induced apoptosis of DT40 cells
In order to investigate the effect of the elimination of GdERA on the growth of DT40 cells, a number of living cells in each clone were monitored using the trypan blue exclusion assay (Figure 2a ). Up to 3 days after the addition of Dox, there was no significant difference in the growth or morphology of the cells between GdERA(À/À) and GdERA(+/À) or wild-type DT40 (Figure 2a) . However, the number of living cells in the GdERA(À/À) culture started decreasing markedly at day 4 in the presence of Dox (closed circles and rectangles in Figure 2a ), and this was accompanied by an increment in the population of dead cells stained with trypan blue. The growth of GdERA(+/À) or wild-type DT40 was not influenced by this concentration of Dox until day 7 (triangles in Figure 2a ). The number of living cells in the GdERA(À/À) culture continued to decrease until at least day 10 in the presence of Dox (Figure 2a ). This result indicates that GdERA is essential for the normal proliferation of DT40 cells.
The cell cycle distribution of ERA-null cells was estimated by flow cytometric analysis. Figure 2b shows the typical profile of DNA content in each clone, as determined by propidium iodide staining followed by flow cytometric analysis. Obviously, the sub-G1 fraction, which comes from the cells containing less than the diploid amount of DNA, increased after the elimination of the exogenous GdERA protein (GdERA(À/À), right panel in Figure 3b ), which is consistent with the data of the trypan blue exclusion assay. These data indicate the induction of cell death caused by the elimination of GdERA.
We next characterized the cell death caused by the depletion of ERA using the TdT-labelled dUTP nick end labelling (TUNEL) assay. TUNEL-positive cells, which incorporated FITC-labelled dUTP, were observed in GdERA(À/À) at day 10 in the presence of Dox, indicating that the depletion of ERA had resulted in DNA fragmentation by day 10 (Figure 2c ). It should be noted that the percentage of TUNEL-positive cells (31.4%) was close to the percentage of the sub-Gl fraction (40.4%; Table 1 ) determined by propidium iodide staining. Thus, we conclude that the depletion of ERA caused apoptosis of the cells.
Depletion of GdERA increased the population of G1 phase cells
The cell cycle distribution of GdERA(À/À) and GdERA(+/À) cells at day 10 in the presence of Dox is summarized in Table 1 . In the presence of Dox for 10 days, GdERA(À/À) showed a higher population of G1 phase cells and a lower population of G2/M phase compared with GdERA(À/À) in the absence of Dox or GdERA(+/À) (Table 1 and Figure 2b ). However, apoptotic cells induced by the inactivation of GdERA may complicate interpretation of the effect of ERA depletion on the cell cycle distribution. Assuming that the apoptosis induced by the inactivation of vertebrate ERA is regulated by mitochondria or another related pathway (Kluck et al., 1997; Li et al., 1997) , the constitutive expression of an antiapoptotic protein, such as Bcl-xL, should circumvent the cell death of ERA-null cells.
GdERA(À/À) was therefore transfected with vectors encoding Flag-tagged human Bcl-xL. Figure 3b shows the growth profiles of two clones (GdERA(À/À)Bcl-xL #1 and #2) ectopically expressing the Bcl-xL protein compared with GdERA(À/À). An ectopic expression of Bcl-xL partly rescued the GdERA-null cells from the growth suppression. The cell cycle distribution of GdERA-null cells expressing a high level of Bcl-xL was examined by flow cytometric analysis. As expected, the ectopic expression of Bcl-xL inhibited the increment of the sub-G1 peak caused by the elimination of GdERA (Figure 3c ). It is reasonable that the extent of the rescue from apoptosis seemed to be dependent on the amount of Bcl-xL protein expressed (Table 1 and Figure 3a) . Analysis of the flow cytometry data indicated that the depletion of GdERA from GdERA(À/À)Bcl-xL by the addition of Dox increased the population of cells in the G1 phase (Table 1) . BrdU labelling experiments also showed the accumulation of G1 population by the depletion of GdERA( data not shown). The population of cells in the G2/M phase was clearly decreased by the elimination of vertebrate ERA, (Table 1) .
RNA-binding domain of vertebrate ERA is required for vertebrate ERA function
Recently, we showed the RNA-binding activity of HsERA at the C-terminal region containing the KHlike domain (Akiyama et al., 2001) . Thus, we next addressed whether ERA operates on cell proliferation through RNA-binding activity. It is likely that the disruption of consensus region for the KH domain (Siomi et al., 1994; Musco et al., 1996) (KHC in Figure 4a ) abolishes the RNA-binding activity of vertebrate ERA. GdERA(À/À) was transfected with the vector encoding the deletion mutant Hs1-375, which (Figure 4b) . We confirmed the RNA-binding activity of the exogenous vertebrate ERA protein expressed in DT40 cells by pull-down experiments using RNA-homopolymer (poly-U) immobilized to sepharose beads (poly-U beads). To investigate the RNA-binding acitivity of HsERA or its mutant, cell lysate from GdERA(À/À)HsERA or GdERA(À/)Hs1-375 deprived of GdERA by the treatment of Dox was used. Consistent with the previous publication (Akiyama et al., 2001) , the poly-U beads precipitated the full-length human and chicken ERA from the cell lysate (Figure 4c) . However, the Hsl-375 protein in the cell lysate of clone GdERA(À/ À)Hsl-375 was not pulled down by the poly-U beads. These data indicate that the 62 amino acids at the Cterminus containing the KHC are required for the RNAbinding activity of vertebrate ERA. We next monitored the proliferation rates of these clones using the trypan blue exclusion assay. As shown in Figure 4d (upper panel), the HsERA protein completely rescued the growth suppression induced by the depletion of GdERA, indicating that HsERA is functionally replaceable with GdERA. On the other hand, Hsl-375 failed to reverse the phenotype of growth suppression of GdERA(À/À) (lower panel in Figure 4d ). This observation indicates that the 62 amino acids at the C-terminus are essential for the function of vertebrate ERA. Together with the data in Figure 4c , these results suggest that the RNA-binding activity of vertebrate ERA is required for the progression of cellular proliferation.
Discussion
Vertebrate ERA is involved in cellular proliferation
GdERA-deficient cells show a significant reduction in growth rate accompanied by the accumulation of dead cells. In addition, the analysis of cell cycle distribution reveals that the elimination of GdERA obviously increases the population of sub-G1 cells. The increment in the sub-G1 fraction is most likely because of DNA degradation by apoptosis, which was also confirmed by TUNEL analysis. These data indicate that GdERA is essential for normal cell growth, and that the depletion of GdERA induces apoptosis in the cells.
The increment of apoptotic cells started at day 4 in the presence of Dox, even though exogenous ERA protein was not detected by Western blotting analysis at day 2. These data imply that the induction of apoptosis observed in GdERA-null cells is an indirect effect of the depletion of vertebrate ERA. It is likely that the GdERA regulates the expression of another unidentified protein, which directly regulates cell cycle progression at the transcriptional or translational level. In order to elucidate the direct action of vertebrate ERA protein, it may be necessary to identify the protein or RNA binding to ERA in the cells.
Function of vertebrate ERA on cell cycle progression is distinct from that of bacterial ERA
The depletion of bacterial ERA caused arrest of E. coli growth prior to cell division because of the failure of septation after chromosome segregation (Inada et al., 1989; Gollop and March, 1991; Lerner and Inouye, 1991) . The important question is whether the function of GdERA on cell cycle progression is identical with that of bacterial ERA. In order to investigate clearly the effect of GdERA depletion on cell cycle distribution, we established cell lines expressing a high level of Bcl-xL (Adams and Cory, 1998) . As expected, the apoptosis induced by the depletion of vertebrate ERA was inhibited by expressing a high level of Bcl-xL, which clarified the cell cycle distribution of GdERA-deficient cells. Thus, by the reduction of the sub-G1 peak by suppressing apoptosis, the increment of G1 fraction in the GdERA(À/À) was clearly observed in flow cytometric analysis ( Figure 3c and Table 1 ). Since the reduction in the cellular population in S phase was not obvious in our data (Table 1) , it is possible to interpret the cell cycle data as meaning that the depletion of vertebrate ERA could stimulate the progression into the G2/M phase. In this case, the inhibition of apoptosis should enhance the growth of ERA-null cells. However, the growth of GdERA(À/À)Bcl-xL#2 was rather suppressed (Figure 3b , middle panel) when the GdERA was eliminated by the addition of Dox, even if apoptosis induction by elimination of ERA was almost completely inhibited (compare the percentages of the sub-G1 fraction of rows 7 and 8 in Table 1 ). Therefore, we conclude that the dysfunction of GdERA in the cells induces the arrest of the cell cycle at the G1 phase, suggesting that GdERA is involved in the G1 phase progression of the cell cycle of DT40 cells. However, the G1 arrest induced by the depletion of ERA seems to be partial. This fact may be because of the existence of the trace amount of ERA, which cannot be suppressed completely by the tet-off system, or the presence of the pathway to circumvent the effect of ERA depletion on the cell cycle progression. It is important to note that the depletion of the GdERA never caused arrest of the cell cycle at M phase, while the depletion of bacterial ERA caused arrest of E. coli growth prior to cell division with elongated morphology. In addition, we did not detect any increment in multinuclear cells or cells with unusual morphology caused by the depletion of GdERA protein in DT40 cells by flow cytometric analysis or microscopic observation even in the presence of large amounts of Bcl-xL (data not shown). Thus, these data clearly indicate that the function of vertebrate ERA is different from that of bacterial ERA, at least in terms of the physiological function in cell cycle progression.
Another question is whether the G1 arrest induced by the depletion of GdERA is correlated to apoptosis induction. When GdERA was depleted by addition of Dox, increment of G1 population appears to precede that of sub-G1 population (Figure 2b) . Furthermore, when the increment of sub-G1 population was blocked by the ectopic expression of Bcl-xL, the depletion of GdERA increased the G1 population more obviously ( Figure 3c and Table 1 ). Thus, it is likely that the elimination of GdERA first results in G1 arrest and then subsequently induces apoptosis. However, the possibility that the G1 arrest and apoptosis induction caused by the depletion of ERA occur through two independent pathways cannot be ruled out.
Possible requirement of RNA-binding activity for the regulation of cell cycle by vertebrate ERA It has been reported that eukaryotic ERA, as well as prokaryotic ERA, is an RNA-binding protein (Meier et al., 1999; Sayed et al., 1999; Akiyama et al., 2001; Hang et al., 2001) . As shown in Figure 4d , the phenotype of the ERA-null cells was not reversed by the expression of the Hs1-375 mutant, which possesses no RNA-binding activity. These data suggest that the RNA-binding activity is required for the function of GdERA in cell proliferation. Bacterial ERA has been reported to bind the 30S ribosome and 16S ribosomal RNA to regulate the translation (Meier et al., 1999; Sayed et al., 1999) . The function of bacterial ERA to regulate cell division may be ascribed to the translational regulation of proteins involving septum formation in bacteria. In case of vertebrate ERA, we do not have any data on whether vertebrate ERA binds to the eukaryotic ribosomal RNA. However, it is possible that vertebrate ERA also regulates the translation of the proteins involved in G1 progression through the binding to eukaryotic ribosomal complex.
Materials and methods
Reagents, vectors, and antibodies
Blasticidin, histidinol, puromycin (SIGMA, St Louis, MO, USA), Hygromycin (Wako, Osaka, Japan), Geneticin (Life Technologies, Grand Island, NY, USA) were purchased. pT2 and pTA-hygro vectors were from Dr Yamamoto (University of Tokyo). The anti-Flag antibody (M2) was purchased from Sigma. The secondary antibody conjugated with horseradish peroxidase was obtained from Amersham-Pharmacia (Buckinghamshire, England). The drug-resistance gene cassette, DT40 cDNA, and genomic library were gifts from Dr Kurosaki (Kansai Medical University). Doxycyclin (SIGMA) was used at 1 mg/m1.
Cloning ofGdERA cDNA and transfection with targeting vectors
A cDNA of GdERA was obtained from a DT40 cDNA library by using the fragment amplified by degenerated PCR as a probe (Accession no. AB 089163). The gd-era gene was obtained from a DT40 genomic library by using a part of the cDNA as a probe. To construct the two kinds of targeting vectors for gd-era gene disruption, a BamHI fragment containing exon 1 to exon 3 of the gd-era gene, corresponding to amino-acid residues 1-140, was replaced with a blasticidinor histidinol-resistance gene (Bsr-or HisD-construct, respectively) in the reverse orientation of the transcription of GdERA. The Bsr-and HisD-constructs were linearized by XhoI digestion prior to transfection. A cDNA encoding Flagtagged GdERA was inserted in a pT2 vector, which had a tetracycline repressible element. A BamHI-XhoI fragment of HsERA or Hsl-375 cDNA was inserted into pRK5. Culture of cell lines and transfection of cell with targeting constructs were performed as described (Winding and Berchtold, 2001 ).
Southern blot analysis
Genomic DNA was isolated from the cells, digested with HindIII, and separated in a 0.8% agarose gel. After being transferred to a nylon membrane (GeneScreen Plus; NEN), genomic DNA was detected by hybridization with the radioactive 5 0 -flanking probe ( Figure 1a ).
Northern blot analysis
Total RNA (20 mg) prepared from cells was separated in a 1% agarose gel containing 17% formaldehyde, and transferred to a nylon membrane. GdERA mRNAs were detected by hybridization with a radiolabelled GdERA probe (nucleotides 309-987 from first ATG).
Western blot analysis and RNA binding assay
Western blotting analysis and RNA binding assay were performed as previously described (Akiyama et al., 2001) .
Cell cycle analysis by flow cytometry
Cells (1 Â 10 6 ) were fixed with 70% ethanol. After incubation for 30 min with 0.25 mg/ml RNase A, the cells were stained with propidium iodide (Sigma). The DNA content in the cells was measured using flow cytometry (EPICS ALTRA; Beckmann-Coulter, CA, USA). The Multicycle program (Beckmann-Coulter) was used for analysing the cell cycle profiles. TUNEL was performed using an Apoptosis Detection kit (Roche) according to the manufacturer's protocol.
